Juusola, Mikko and Andrew S. French. Visual acuity for moving acceptance angles of fly photoreceptors as a function of both objects in first-and second-order neurons of the fly compound eye. light adaptation and position across the surface of the eye J. Neurophysiol. 77: 1487J. Neurophysiol. 77: -1495J. Neurophysiol. 77: , 1997. The early stages of visual (Hardie 1979). We now reexamine the abilities of fly photosystems contain a variety of components that limit both the spatial receptors and LMCs to detect moving objects. resolution and the temporal resolution of vision. When an animal Light-adapted fly photoreceptors behave approximately sees a moving object, or moves relative to its environment, both linearly, but LMC voltage responses are always nonlinear. spatial and temporal factors contribute to its ability to resolve Both can be modeled with low error by a second-order Volthe movement. In the present work we have combined currently terra series expansion (Juusola et al. 1995b) with the photoavailable knowledge about the early stages of fly vision (optical receptor second-order kernel being zero. With the use of system, photoreceptors, and large monopolar cells) to predict the resolution of the first two cell layers to moving point objects. these models, we calculated the voltage responses in photo-These calculations included recent measurements of nonlinear light receptors and LMCs with the use of digital convolution of responses. Because background light level has a strong effect on the Gaussian light acceptance functions with Volterra expanthe temporal behavior of these early visual layers, we examined sions obtained from white noise stimulation at a range of the effects of light level on motion resolution. We also studied the background light intensities and constant contrast amplitude. effect of position within the eye, which is known to affect the In the present study, two methods were used to estimate static resolution of vision. Our results indicate that responses in the resolution of photoreceptors and LMCs for positive movlarge monopolar cells to moving point objects are maximal at ing point objects. The first used the width at half-peak ampliangular velocities of 100-200Њ/s. The resolution of point objects tude (half-width) of the spatial intensity function produced by both these early stages of the visual system is similar from by a point object moving at constant angular velocity, assumstationary to an angular velocity of Ç200Њ/ s. Above this, resolution deteriorates approximately linearly with velocity.
ing that moving objects spaced more closely together than the half-width would not be resolved. The second calculated the minimum angular separation required to resolve a pair I N T R O D U C T I O N of point objects moving together at constant angular velocity.
The two approaches produced similar results, with LMCs Visual systems often detect and respond to objects that having slightly better resolution because of their faster temmove relative to the animal itself. The fly is a well-known poral responses. Both cell types displayed two regions of example that can follow moving objects and also move rapbehavior. At low velocities, resolution was dominated by idly relative to its physical environment. Although the visual the angular sensitivity of the light-accepting components. acuity and time-dependent properties of photoreceptors and Above a threshold velocity, the temporal response dominated their postsynaptic neurons have been studied intensively in the resolution, which deteriorated monotonically with inmany species, most studies of motion detection in the fly, creasing velocity. and other animals, have emphasized behavioral measures such as orientation and tracking, or movement-detecting neu-M E T H O D S rons that are several synapses beyond the photoreceptors (e.g., Egelhaaf et al. 1988; Reichardt and Poggio 1976; Experimental data Wehrhahn 1985) .
In a theoretical study, Srinivasan and Bernard (1975) esti-All of the data describing the linear and nonlinear temporal mated the resolution of photoreceptors in compound eyes properties of fly photoreceptors and LMCs that were used here have been published before (Juusola et al. 1995b ), together with for moving point objects. They combined the known optical the methods used in the original recordings and the analysis techproperties of the rhabdomes with the photoreceptor flash niques for obtaining the Volterra kernels. Only a brief summary responses that were available. Now, twenty years later, we of these measurements is given here.
have much more complete data on the time-dependent prop-Flies ( Calliphora vicina ) were stimulated with a green lighterties of photoreceptors and large monopolar cells (LMCs), emitting diode during intracellular recording from photorecepthe second-order neurons of compound eyes. In particular, tors and LMCs. The light stimulus was a pseudorandom signal we have recently presented accurate models of the dynamic superimposed on a constant background to produce a contrast performance of fly photoreceptors and LMCs that include signal of constant variance, independent of background. Photorenonlinear behavior and changes with light adaptation level ceptor and LMC recordings were obtained at eight different background light levels ( BL1 -BL8 ) corresponding to light intensities (Juusola et al. 1995b ). In addition, data are available on the of 160, 500, 1,600, 5,000, 16,000, 50,000, 160,000, and 500,000 angular velocity W across the visual field of the eye, the Gaussian approximation predicts that the change in light intensity passing effective photons per second in a typical photoreceptor. All of the temporal data used here were obtained from single, high-through each facet and falling on the rhabdome will be given by quality recordings of one photoreceptor cell and one LMC ( Juu-
( 2 ) sola et al. 1995b ) . Input-output relationships for photoreceptors and photorecepwhere t is the time relative to the instant at which the point object tor-LMC combinations were modeled by a Volterra series of the is directly above the optical axis of the facet, and r is the width form of the Gaussian function at half-amplitude. Light-adapted fly photoreceptors produce changes in mem-
brane potential that are approximately linear functions of light intensity ( French 1980a,b; French and Järvilehto 1978a;  Juusola where x(t) and y(t) were the input and output signals as functions et al. 1994 ) and can be characterized by an impulse response of time t, and k 0 , k 1 (t), and k 2 (t 1 ,t 2 ) were the zero-, first-, and function, or first-order kernel, k 1,pho ( t ) , at each level of light symmetrical second-order kernels, respectively. The system memadaptation ( Juusola et al. 1995b ) with a mean square error of ory was assumed to last until a maximum lag of T. The kernels Ç3% at background levels BL6-BL8, where the signal to noise were estimated by the parallel cascade method (Korenberg 1982, level is high. Therefore the predicted photoreceptor response to 1991) with the use of second-order polynomial functions. The a moving point object was obtained by digital convolution of kernels obtained were very nearly least-squares estimates, and bethe appropriate Gaussian functions with the first-order kernels cause a Gaussian input was used, k 1 and k 2 were estimates of the reported in Juusola et al. ( 1995b ) first-and second-order Wiener kernels, respectively.
All calculations and simulations were performed by custom-
written programs with the use of the ''C'' language on a personal computer. Double-precision floating point resolution (24-bit man-LMCs receive histaminergic synaptic inputs from photoreceptors tissa) was used throughout. (Hardie 1989) and hyperpolarize in response to depolarization in photoreceptors (Järvilehto and Zettler 1970; Shaw 1984) . Unlike
Model structure
photoreceptor responses, LMC responses are clearly nonlinear under most stimulus conditions (French and Järvilehto 1978b; Juusola Fig. 1 illustrates the approach used to calculate the voltage et al. 1995a; Laughlin et al. 1987) . However, the relationship responses in photoreceptors and LMCs to a point object moving between light intensity fluctuations and LMC responses was well across the visual field. The light-accepting properties of the optiapproximated by a second-order Volterra series or by an LNLN cal components before the photoreceptors in insect compound cascade model, where L represents a linear component with memeyes are usually approximated by a Gaussian function ( Gö tz ory and N represents a static polynomial nonlinearity. Both models 1964 Both models , 1965 . A history of the Gaussian approximation and some gave mean square error values õ10% at background levels BL4theoretical justifications are provided by Warrant and McIntyre BL8 (Juusola et al. 1995b) . Here, the response in an LMC to a ( 1993 ) . The Gaussian function is actually a function of twomoving point object was calculated by passing the Gaussian funcdimensional space across the surface of the eye, but all of the tion through the second-order Volterra series, with the use of firstcalculations here are based on movements at constant velocity and second-order digital convolution in one dimension across the eye for simplicity, and therefore a Gaussian function of one spatial dimension was used ( Srinivasan
and Bernard 1975 ) .
For the present work, we used stimuli consisting of point objects (Srinivasan and Bernard 1975), defined as positive Dirac delta Temporal responses to a single moving point object the effect of omitting the second-order kernel from the calculations for the LMC response.
Predicted peak responses to a moving point object in single photoreceptors and LMCs as functions of angular veloc-Angular sensitivity ity are shown in Fig. 4 for the minimum and maximum light levels. Note again that LMCs hyperpolarize in response to
The angular sensitivities of Calliphora photoreceptors (R1-6) have been measured as a function of facet position relative to the light, so that the peak response corresponds to the maximum anterior-posterior axis of the eye (Hardie 1979) . The data were negative deflection. These calculations were made for cells reported as the width of the angular sensitivity function at halfat the front of the eye (0Њ from the fovea). As an object maximum amplitude, r. Inspection of the data shows that for darkmoves more rapidly across the visual field, it provides a adapted eyes, r was Ç1.5Њ for all facet positions up to 30Њ from the more rapidly changing input to the photoreceptors. As a single point object moves across the visual field of a only the first-order kernel, or flash response, was used, because this compound eye, a response occurs in each photoreceptor that was previously found to fit the experimental data with õ10% mean receives light from the object. If the photoreceptors were regusquare error, and no significant improvement was obtained by adding larly spaced, with infinitely high angular resolution, we could the second-order term. For LMCs, inclusion of the second-order calculate a spatial distribution of photoreceptor responses kernel gave a significant improvement in fitting the data, so both
terms were used here. The first-order kernels for each background light intensity, together with the second-order kernels at BL8, are where f is the angular distance from the photoreceptor shown in Fig. 3 . Note that LMCs hyperpolarize in response to light, immediately below the moving point object. This function as described above. Responses in both cell types increased and beis the same as the temporal response in the photoreceptor, came faster with light adaptation. Note the amplification occurring between the photoreceptors and the LMCs.
but with the spatial dimension, f, having the opposite sign FIG . 2. Angular sensitivity function of the optics was modeled as a Gaussian function whose width varied linearly with light adaptation (background level) and linearly with position in the eye beyond 30Њ from the fovea (see text). Ordinate: half-width of the angular sensitivity function at half-maximum amplitude. The parameters were taken from the original measurement of Hardie (1979 (Juusola et al. 1995a,b) . Photoreceptors were characterized entirely by the 1st term in a Volterra kernel expansion, k 1,pho (t), shown at the 8 different background levels, BL1-BL8 (A). LMCs were characterized by the 1st 2 terms in a Volterra kernel expansion [B; k 1,LMC (t), and C and D; k 2,LMC (t 1 ,t 2 )]. k 1,LMC (t) is shown for levels BL1-BL8 and k 2,LMC (t 1 ,t 2 ) is shown at BL8 with the use of both contour (C) and perspective (D) plots.
to time, and varying with velocity, W , as well as time. An central point. Because LMC responses are predominantly hyperpolarizing, they were inverted. Only positive values example of this function in which discrete time and space resolutions of 1 ms and 0.2Њ are used is illustrated in Fig. are shown in both the photoreceptor and LMC plots. Note the large angular shifts produced by high velocities. 5, together with a similar calculation for the LMCs. The moving point object creates spatial waves of voltage Because the forms of the spatial responses are simple changes in the photoreceptors and LMCs, most of which transforms of the temporal responses, their widths at halflag behind the object itself. The small parts of the remaximum amplitude, or spatial half-widths, sP(W ) and sponses that lead the object are caused by the angular sL(W ) (Fig. 5) , could be obtained directly from the tempoacceptance of the optical system, which means that a phoral half-widths, tP(W ) and tL(W ), of the photoreceptors toreceptor begins to receive light from the object before it and LMCs is directly overhead.
Spatial responses for a range of angular velocities of a moving point object are shown as gray-scale intensities (Fig. The temporal responses were directly available from the 6). In these plots, responses similar to those of Fig. 5 were model, so the spatial half-widths were calculated without used to create a gray scale of 10 levels at each velocity, and the need to calculate the spatial responses, and without rethen the gray scales were converted to random dot densities.
quiring any assumptions about receptor spacing. Spatial half-The plots show the responses produced across the surface of the eye by a moving dot at the instant it passed the widths for photoreceptors and LMCs were calculated for a FIG . 4. Calculated peak responses of photoreceptors and LMCs to a point object moving across the visual field at a range of angular velocities. Responses are shown at the lowest (BL1) and highest (BL8) background intensities, for cells at the front of the eye. All results have been normalized to the maximum peak response in LMCs at BL8. 5. Object moving across the visual field causes responses in the photoreceptors and LMCs that produce a spatial pattern resembling a reversed temporal response in a single cell. Calculated responses are shown for an object moving at 100Њ/s and at BL8. The widths of the spatial responses increased with velocity, and were characterized as spatial halfwidths, sP (photoreceptors) and sL (LMCs). Responses of photoreceptors and LMCs in Figs. 5-8 have all been normalized to the peak values. range of velocities, background levels, and positions relative the Rayleigh criterion for diffraction-limited resolution of two point objects by an optical system (Goodman 1968). to the front of the eye.
This value was used as a measure of the spatial resolution of the cell layer to a pair of moving point objects (Fig. 7) .
Spatial responses to a pair of moving point objects
When a pair of point objects move across the visual field, Spatial resolution combined responses are produced in the photoreceptors and LMCs that produce corresponding spatial responses (Fig. 7) . Figure 8 shows the calculated values of spatial half-width and minimum separation of pairs of point objects (2 points) Because the photoreceptor temporal responses were modeled linearly, their spatial responses were simply the summed at background level BL8 as a function of angular velocity.
Note the strong agreement between the results obtained by responses to the two separate objects. However, LMC responses were nonlinear, so their temporal and spatial re-the two different methods of estimating the resolution of moving point objects. There is also good agreement between sponses to a pair of objects were not simple summations of the separate responses to single objects (Fig. 7) .
the resolutions obtained for the photoreceptors and LMCs, with the LMCs having slightly better resolution for more Responses to pairs of objects were calculated for the same range of conditions as spatial half-widths. In each case, the rapidly moving objects.
All of the curves show two distinct regions of behavior. angular separation between the pair of objects was increased from zero in steps of 0.2Њ until the dip between the two peak At low angular velocities, below Ç200Њ/s, the resolution is õ2Њ, independent of velocity, but above this threshold, the responses was 19% of the smaller peak (measured from the baseline of 0 V). This corresponds to a spatial version of resolution deteriorates. The spatial half-width, or minimum FIG . 6. Calculated responses of photoreceptors and LMCs to a moving point object are shown as intensity plots, with the use of randomly scattered dots and a range of 10 levels for each normalized response. The responses are shown for a range of angular frequencies, at a constant background light intensity (BL8) and for cells at the front of the eye. LMC responses were inverted in sign and negative responses are not shown. 7 . Pair of moving objects produces a fused spatial response if the objects are sufficiently close together. In the present model, the photoreceptors were represented by a linear function, so that the fused response was the sum of the 2 individual responses. However, the LMC fused response was a nonlinear combination of the separate responses. The criterion used for detecting 2 objects as separate entities was that the dip between the 2 peaks was ¢19% of the lowest peak, measured from the baseline. separation, increases approximately linearly with angular ve-in LMCs was more profound (Fig. 3) . This caused an imlocity and the slope of this increase is Ç5 ms, as expected provement in the resolution of moving objects at high velocifrom the temporal half-widths of the photoreceptor and LMC ties that was also more pronounced in LMCs ( Fig. 9) . At responses. low velocities, changing the level of light adaptation had For other calculations, we compared the behavior at two comparatively little effect on the resolution of photorecepangular velocities of 100Њ/s and 1,000Њ/s, which are distors or LMCs. Even at high levels of light adaptation, both tinctly below and above the threshold velocity of 200Њ/s for types of cells resolved slowly moving objects significantly the change in response behavior for moving point objects. better than rapidly moving objects. We also used only the spatial half-widths as measures of In contrast to the effects of light adaptation, variation in resolution, because they were simpler to calculate and rethe angular acceptance of the photoreceptors had more effect quired no assumptions about physical resolution. This deciat low velocities. With movement away from the fovea, or sion was based on the close agreement between the results front of the eye, the angular acceptance of the facets widens of the two different methods (Fig. 8) .
and this increased the spatial half-width of the response to As background light intensity increased, the responses of a moving point object (Fig. 10) . However, the responses of both photoreceptors and LMCs became faster, but the change photoreceptors and LMCs to rapidly moving objects were much less affected by this change and displayed an approxi- mately constant spatial half-width over the entire range of of surround inhibition, which narrows the effective angular acceptance function and is thought to contribute to motion facet positions. detection in flies (Reichardt and Poggio 1976; Srinivasan et al. 1990) . It must also be emphasized that, although the D I S C U S S I O N peripheral visual system places limits on motion detection, the dynamics of higher motion detection systems must also The data presented here were made possible by our be considered in predicting behavioral responses to moving previous presentation of accurate measurements of imstimuli. pulse responses in photoreceptors and LMCs at a range Our results for the resolution of moving point objects by of light intensities, as well as our demonstration that lowfly photoreceptors are qualitatively similar to those found order Volterra series can predict the responses in these for the locust eye. The two types of behavior, at low and cells with fidelity ( Juusola et al. 1995b ) . The availability high angular velocities, have been called the quasistatic and of angular sensitivity data as a function of light intensity hyperdynamic regions, respectively (Srinivasan and Bernard and facet location ( Hardie 1979 ) was also crucial. Our 1975). A major difference between the findings in the two results give the first available description of the effects of animals is that the transition between the low-and highmoving objects on the sensitivity and spatial resolution velocity regions occurred at Ç20Њ/s in the locust, compared of photoreceptors and LMCs in the fly, taking into account with Ç200Њ/s in the fly. This reflects the much faster rethe significant nonlinearity of LMC responses under lightsponses in fly photoreceptors and LMCs. adapted conditions. Our simulations also predict the re-Srinivasan and Bernard ( 1975 ) also obtained an analytisponses of photoreceptors and LMCs under relatively natcal expression for photoreceptor motion resolution by apural conditions, because they use measurements made proximating the photoreceptor impulse response with a with constant contrast at varying mean light intensities, stretched Gaussian function, and convolving this with a which would be close to the conditions occurring in Gaussian representation of the angular acceptance funcnature.
tion. Unfortunately, the stretched Gaussian function did The amplitudes of the responses to moving objects ( Fig.  not give a very good fit to the actual impulse response. 4) show that LMCs improve the overall ability of the eye These impulse responses can usually be well fitted by to detect moving objects by compressing the wide range of log-normal functions ( Payne and Howard 1984 ) or by photoreceptor responses at different light levels to a narrower functions based on the Gamma distribution ( Wong et al. range. The band-pass frequency response of LMCs (French 1980 ) , but neither of these functions can easily be conand Järvilehto 1978b) causes a corresponding peak in sensivolved with the Gaussian function. For LMCs, no simple tivity to the velocity of moving objects that is maximal in models are yet available to fit the impulse response, and the range of 100-200Њ/s. This may be compared with the even if a good analytical model were available, LMCs are optimum matched-filter model of LMCs proposed by Srinidistinctly nonlinear, so at least second-order convolution vasan et al. (1990) , in which response increased linearly would be required. The digital simulations used here gave with velocity up to Ç1,000Њ/s. However, it should be emphareasonably efficient estimates of the sensitivities and resosized that the present calculations do not include the effects lutions of the cells to moving objects, and did not require the impulse responses to be fitted by any analytical functions. The separation of the responses into two angular velocity regions reflects the two major processes involved, light acceptance by the lens-rhabdome combination, and temporal spreading by the voltage responses of the photoreceptors and LMCs. Below Ç200Њ/s the spatial half-width depends mainly on the Gaussian angular acceptance of light. Above this velocity, the voltage responses can no longer follow the rapid changes in intensity caused by the moving object, and the spatial response is more and more spread across the eye. Thus the temporal response of these cells not only limits the ability of the animal to follow a change in light intensity, but (probably more importantly) also limits its ability to follow a moving object or to see while moving relative to its background.
A question that immediately arises is: what angular velocities does the fly visual system experience normally? Angular velocity depends on the distance of an object from the animal, as well as the linear velocity of the object. It is easy to see that movements of a physical object, such as a human hand, very close to a fly's head could produce angular veloci-FIG . 10. Spatial half-widths of photoreceptor and LMC responses at ties exceeding 1,000Њ/s. Figures 6 and 8 suggest that alangular velocities of 100 and 1,000Њ / s at background light level BL8 as though the movement of such an object would be detected, a function of distance of the receiving facet from the front ( fovea ) of the eye. its form would be poorly resolved. 
